Introduction {#s1}
============

The SWI/SNF-family chromatin remodelers are important regulators of chromatin structure in transcriptional activation and in the creation and maintenance of nucleosome-free regions ([@bib11]; [@bib6]; [@bib4]; [@bib39]; [@bib2]; [@bib31]). Consistent with these roles, SWI/SNF remodelers are capable of disrupting nucleosomes in a number of ways, including repositioning the histone octamer along the DNA, ejecting H2A-H2B dimers from the octamer, and ejecting the histone octamer from the DNA ([@bib11]; [@bib6]; [@bib4]; [@bib39]; [@bib2]; [@bib31]). All SWI/SNF complexes are composed of a catalytic subunit, which harbors a superfamily 2 (SF2) ATPase domain, and a variety of accessory subunits ([@bib11]). During remodeling, the ATPase domain contacts the nucleosome at an internal site 20 bp from the nucleosome dyad, referred to as the super-helical 2 (SHL2) site, and translocates DNA ([@bib46]; [@bib47]; [@bib54]; [@bib12]). However, how DNA translocation by the ATPase domain is coupled to the various activities of the remodeling complexes remains unclear.

SWI/SNF remodelers expose substantial amounts of intra-nucleosomal DNA to nucleases during remodeling, suggesting that the remodelers disrupt the wrapping of DNA around the nucleosome ([@bib38]; [@bib1]; [@bib30]; [@bib48]). The nature of the disrupted intermediates remains unclear, and previous studies have suggested unpeeling of DNA from the edges of the nucleosome ([@bib3]; [@bib18]) as well as the formation of loops or bulges of DNA inside the nucleosome ([@bib38]; [@bib24]; [@bib53]; [@bib8]; [@bib48]; [@bib29]; [@bib43]).

Given that the ATPase domain of the enzymes acts at the SHL2 site, approximately 50 and 100 bp away from the sites where the DNA enters and exits the nucleosome, respectively, how ATPase activity drives the overall movement of DNA around the nucleosome remains unclear. The isolated catalytic subunit of a SWI/SNF remodeler has been shown to translocate naked DNA (in the absence of a histone octamer) in \~2 bp steps ([@bib50]). However, DNA translocation around the nucleosome by SWI/SNF holoenzyme complexes has been reported to occur in large steps of \~50 bp in size ([@bib54]). It is unknown whether this 50-bp step represents the fundamental step size of nucleosome translocation by SWI/SNF complexes. The related ISWI-family of chromatin remodelers move DNA in multi-bp compound steps that are composed of 1-bp fundamental steps ([@bib5]; [@bib15]). Although the ISWI-family remodelers share a homologous ATPase domain with the SWI/SNF-family remodelers, they differ in both the domains flanking the ATPase domain on their catalytic subunits and the accessory subunits that associate with the catalytic subunits ([@bib11]), and they bind the nucleosome differently ([@bib21]; [@bib13]). Thus, it is unclear whether SWI/SNF remodelers share a similar nucleosome translocation mechanism.

In this study, we used single-molecule FRET ([@bib20]) with a variety of labeling schemes to monitor nucleosome remodeling by yeast RSC, a prototypical SWI/SNF-family enzyme ([@bib7]), in real time. These experiments allowed us to observe transient intermediates of the remodeling process and characterize the motion of the DNA at the nucleosomal edges where the DNA moves into and out of the nucleosome. At these locations, we found that DNA was translocated largely along or near its canonical path in a stepwise manner and that the distribution of the step sizes showed a peak at a step size of approximately 1--2 bp.

Results {#s2}
=======

Single-molecule FRET assay for monitoring nucleosome translocation by RSC {#s2-1}
-------------------------------------------------------------------------

We reconstituted dye-labeled mononucleosomes on a double-stranded DNA containing the 601 positioning sequence ([@bib32]) to ensure reproducible positioning of the histone octamer. We used several labeling schemes with the FRET donor dye on various sites of the histone octamer and the FRET acceptor dye on various locations of the DNA. In the first labeling scheme, the mononucleosome was flanked by a shorter 6 bp linker on one side and a longer 78 bp linker on the other side. The FRET acceptor dye, Cy5, was attached to the end of the shorter linker and a biotin moiety was attached to the end of the longer linker for immobilization on the microscope slide ([Figure 1A](#fig1){ref-type="fig"}). The histone octamer was labeled with the FRET donor dye, Cy3, on the C-terminal tail of H2A (position 119). We refer to this construct as the H2A/\[end, +6\] construct to indicate the position of the Cy3 label (on histone *H2A*) and Cy5 label (at the *end* of the linker DNA, *6 bp* from the edge of the nucleosome). This labeling scheme allowed us to monitor the movement of DNA relative to the histone octamer in real time during nucleosome remodeling.10.7554/eLife.10051.003Figure 1.Single-molecule FRET assay for monitoring nucleosome translocation by RSC.(**A**) Diagram depicting the nucleosome substrates before and after remodeling by RSC. The top row depicts the nucleosomes in cartoon form while the bottom row shows the footprint of the histone octamer (tan oval) on the DNA (black lines). (**B** and **C**) Representative traces showing the Cy3 intensity (green), Cy5 intensity (red), and FRET value (blue) for exit-side movement (****B****) and entry-side movement (**C**). \[RSC\] = 5 nM, \[ATP\] = 5 µM. (**D**) The fraction of exit-side movement (cyan) and entry-side movement (orange) traces observed with 1 nM RSC and 20 µM ATP. Error bars represent the standard error from \> 200 nucleosomes. (****E--G****) Histograms of the distribution of initial (before remodeling, blue) and final (after remodeling, red) FRET values of remodeling traces from nucleosomes lacking any ssDNA gap (****E****), nucleosomes with a 2-nt ssDNA gap at the SHL--2 site (****F****), and nucleosomes with a 2-nt ssDNA gap at the SHL+2 site (****G****). \[RSC\] = 1 nM, \[ATP\] = 20 µM.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.003](10.7554/eLife.10051.003)10.7554/eLife.10051.004Figure 1---figure supplement 1.Remodeling of nucleosomes with a reversed 601 positioning sequence.(**A**) Cartoon of the H2A/\[end,+6\] nucleosome construct (**B**) Sequence of the top strand of the DNA molecule used for the H2A/\[end,+6\] nucleosomes with the 601 positioning sequence shown in orange. (**C**) Sequence of the top strand of the DNA molecule in which the orientation of the 601 positioning sequence (orange) has been reversed. (**D**) The fraction of exit-side movement (cyan) and entry-side movement (orange) traces observed when remodeling nucleosomes with the DNA containing the 601 sequence from panel B (reproduced from [Figure 1D](#fig1){ref-type="fig"} for comparison) or the DNA sequence from panel C containing the reversed 601 positioning sequence. \[RSC\] = 1 nM, \[ATP\] = 20 µM. Error bars represent the standard error from \> 100 nucleosomes.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.004](10.7554/eLife.10051.004)10.7554/eLife.10051.005Figure 1---figure supplement 2.Surface anchoring of the nucleosomes does not affect the kinetics of remodeling.Comparison of the average remodeling kinetics for freely diffusing nucleosomes in the absence (grey, ensemble assay) or presence of ATP (black, ensemble assay), and surface-tethered nucleosomes in the presence of ATP (red, single-molecule assay). The remodeling kinetics were monitored by reading the Cy5 intensity over time and normalizing the initial and steady-state values to 1 and 0, respectively. The Cy5 intensities in the single-molecule assay were determined by summing the Cy5 signals from \~2000 single-nucleosome traces. \[RSC\] = 6 nM, \[ATP\] = 20 µM.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.005](10.7554/eLife.10051.005)10.7554/eLife.10051.006Figure 1---figure supplement 3.Locations of the 2-nt ssDNA gaps in the DNA sequence.The sequence of the DNA used for the top and bottom strands of the H2A/\[end,+6\] and H3/\[end,+6\] nucleosomes is shown with the 601 positioning sequence colored orange. To create a gap at the SHL--2 site, the underlined nucleotides in the top strand were replaced with a 2-nt gap. To create a gap at the SHL+2 site, the underlined nucleotides in the bottom strand were replaced with a 2-nt gap. RSC translocates on DNA with a 3'→5' polarity ([@bib47]), and the gaps are positioned to prevent translocation in that direction. However, it has been previously shown that gaps in either strand prevent DNA translocation by RSC ([@bib47]).**DOI:** [http://dx.doi.org/10.7554/eLife.10051.006](10.7554/eLife.10051.006)10.7554/eLife.10051.007Figure 1---figure supplement 4.Effects of 2-nt ssDNA gaps at the SHL ± 2 sites on the direction of nucleosome translocation.(****A**** and ****C****) Top: cartoon of the H2A/\[end+6\] nucleosome with a 2-nt ssDNA gap at the SHL--2 site (****A****) or SHL+2 site (****C****). Bottom: Representative FRET traces from the remodeling of constructs with a gap at the SHL--2 site (****A****) and SHL+2 site (****C****). \[RSC\] = 1 nM, \[ATP\] = 5 µM. (****B**** and ****D****) The fraction of traces showing exit-side movement (cyan) and entry-side movement (orange) observed during the remodeling of constructs with a gap at the SHL--2 (****B****) or SHL+2 (****D****) sites. Error bars represent the standard error from \> 100 nucleosomes per construct. \[RSC\] = 1nM, \[ATP\] = 20µM.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.007](10.7554/eLife.10051.007)

We anticipate that remodeling of the dye-labeled mononucleosomes by RSC will generate two distinct products, depending on which side of the nucleosome the ATPase engages ([Figure 1A](#fig1){ref-type="fig"}). If RSC engages the SHL+2 site, which we define to be the SHL2 site near the longer linker DNA, RSC will translocate DNA toward the shorter linker. Previous studies of SWI/SNF-family remodelers have shown that the enzyme can translocate DNA around the nucleosome until the end of the DNA reaches the SHL2 site, which is \~50 bp past the edge of the nucleosome ([@bib17]; [@bib24]). Therefore, this type of action should generate a \~130 bp movement of the DNA toward the shorter linker, moving the Cy5 dye away from the Cy3 dye on the octamer and causing a monotonic decrease in FRET. This action will eventually position the Cy5-labeled DNA end \>40 nm from the Cy3 label on the H2A, resulting in zero FRET. On the other hand, if RSC engages the SHL--2 site, the SHL2 site near the shorter linker DNA, RSC will translocate DNA toward the longer linker, first moving the Cy5 dye closer to the Cy3 dye on the octamer and then further away from the Cy3, causing an initial increase in FRET followed by a decrease. This action will generate a final product where the labeled DNA end resides at the SHL--2 site. Based on the crystal structure of the nucleosome ([@bib33]), this should place the Cy5 \~6.8 nm from the Cy3 labeling site, giving a low but non-zero FRET value.

Consistent with these expectations, we observed two major classes of single-molecule traces upon addition of RSC and ATP to the nucleosomes. One class of traces showed a monotonic decrease in FRET to zero FRET ([Figure 1B](#fig1){ref-type="fig"}). We assigned these traces to the case where the ATPase domain of RSC bound to the SHL+2 site and translocated the DNA toward the shorter linker. Because the dye labels monitored the dynamics of the DNA end moving away from the octamer, we refer to these traces as monitoring exit-side movement. The second class of traces showed an initial increase in FRET followed by a decrease to a final FRET of \~0.17 ([Figure 1C](#fig1){ref-type="fig"}). We assigned these traces to the case where the ATPase domain bound to the SHL--2 site and translocated DNA toward the longer linker, which is expected to first bring the FRET donor and acceptor dyes closer and then move them farther apart. Because the dye labels in these cases monitored the dynamics of the DNA end moving into the nucleosome, we refer to these traces as monitoring entry-side movement. We classified the traces as reflecting entry-side or exit-side movement based on the presence or absence of an initial FRET increase during remodeling and identified a roughly equal number traces showing entry-side and exit-side movement when RSC and ATP were added to the H2A/\[end, +6\] nucleosome construct ([Figure 1D](#fig1){ref-type="fig"}). This result is consistent with previous results indicating that translocation by SWI/SNF enzymes is bidirectional and does not depend on linker DNA length ([@bib17]; [@bib24]; [@bib49]). It has been shown previously that the strength of the histone-DNA contacts between the 601 positioning sequence and the histone octamer is asymmetric with respect to the nucleosomal dyad ([@bib40]), so we tested whether the fraction of nucleosomes undergoing exit-side or entry-side movement depends on the orientation of the 601 positioning sequence by reversing the 601 sequence on the H2A/\[end, +6\] nucleosome. We found that the fractions of traces exhibiting entry-side and exit-side movement were essentially identical for the two sequence orientations ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}), suggesting that the asymmetry of the 601 positioning sequence does not influence the directionality of remodeling by RSC. The overall kinetics of the FRET changes observed in the single-molecule assay were similar to the kinetics observed in solution-based ensemble FRET measurements, indicating that surface attachment did not substantially affect remodeling by RSC ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). As expected, no major FRET changes were observed when RSC was added to the nucleosomes in the absence of ATP ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}).

In order to confirm our assignment of entry-side and exit-side movement traces, we made use of the fact that the ATPase of RSC is incapable of translocating past a 2-nt single-stranded (ss) gap in the DNA ([@bib47]; [@bib54]). Therefore, placing such a gap at the SHL+2 or SHL--2 site ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}) should allow us to control the direction of DNA translocation around the nucleosome. After remodeling by RSC, nucleosomes without any ssDNA gap showed two distinct populations of nucleosomes with FRET values of \~0 and \~0.17, corresponding to the products of exit-side and entry-side movement, respectively ([Figure 1E](#fig1){ref-type="fig"}). As expected, remodeling of a construct containing a gap at the SHL--2 site showed only a single peak at zero FRET after remodeling ([Figure 1F](#fig1){ref-type="fig"}), consistent with the gap preventing RSC from engaging the SHL--2 site to generate entry-side movement traces. Furthermore, \>95% of the remodeling traces from this construct were classified as exit-side movement traces and showed a monotonic FRET decrease without an initial FRET increase ([Figure 1---figure supplement 4A,B](#fig1s4){ref-type="fig"}). Similarly, a gap at the SHL+2 site largely eliminated the zero FRET population and resulted in essentially a single population with a FRET of \~0.14 after remodeling ([Figure 1G](#fig1){ref-type="fig"}). Only a small fraction (\~8%) of nucleosomes showed a final FRET of zero, which is most likely due to photobleaching of the Cy5 dye during remodeling. Moreover, \>95% of the traces observed were classified as entry-side movement traces and showed an initial FRET increase during remodeling ([Figure 1---figure supplement 4C,D](#fig1s4){ref-type="fig"}), consistent with the gap preventing RSC from engaging the SHL+2 site and generating exit-side movement traces. These results confirm that the traces classified as reflecting entry-side movement resulted from ATPase action at the SHL--2 site and the traces classified as reflecting exit-side movement resulted from ATPase action at the SHL+2 site.

Probing for potential H2A-H2B dimer movement during remodeling {#s2-2}
--------------------------------------------------------------

In addition to nucleosome sliding, RSC has been reported to facilitate a number of other changes to the nucleosome, such as ejecting H2A-H2B dimers or the entire histone octamer, but we do not expect to observe these activities in our assay because these activities require free nucleosomes or free DNA as acceptors, the activity of histone chaperones, or a dinucleosome construct ([@bib11]; [@bib6]; [@bib4]; [@bib39]; [@bib2]; [@bib31]). Indeed, after incubating the H2A/\[end,+6\] nucleosomes with 5 nM RSC and 5 µM ATP for 20 min, \>90% of the nucleosomes remained present with the H2A subunit attached, similar to the fraction of nucleosomes remaining intact after incubation in the absence of RSC and ATP (91%). However, because RSC could destabilize the H2A-H2B dimer ([@bib30]), it is possible that RSC may cause transient H2A-H2B dimer displacement during remodeling that contributes to the FRET changes. To investigate whether movement of the H2A-H2B dimer (and hence the Cy3-label on H2A) relative to the rest of the octamer contributed to the FRET changes we observed during RSC remodeling, we took three approaches. First, we created a H3/\[end,+6\] construct ([Figure 2A](#fig2){ref-type="fig"}) by moving the Cy3 label from the C-terminal tail of histone H2A to the N-terminal tail of histone H3 (position 33). If movement of the H2A-H2B dimer relative to the rest of the octamer was responsible for the FRET changes that we observed on the H2A/\[end,+6\] construct, we expected that moving the Cy3 dye to histone H3 would eliminate these FRET changes. However, if H2A-H2B dimer dynamics did not contribute the observed FRET changes, the H3-labeled nucleosomes would produce FRET dynamics similar to those observed with the H2A-labeled nucleosomes because the N-terminal tail of histone H3 lies near the C-terminal tail of histone H2A ([@bib33]). Similar to H2A-labeled nucleosomes, remodeling of the H3-labeled nucleosomes also produced two classes of FRET traces, one class showing a monotonic decrease in FRET ([Figure 2B](#fig2){ref-type="fig"}) and the other class showing an initial FRET increase followed by a FRET decrease ([Figure 2C](#fig2){ref-type="fig"}). As in the case of the H2A/\[end,+6\] constructs, placing a gap at the SHL--2 site of the H3/\[end,+6\] nucleosomes eliminated nearly all of the traces showing an initial FRET increase, and placing a gap at the SHL+2 site of the H3/\[end,+6\] nucleosomes eliminated most of the traces showing a monotonic FRET decrease ([Figure 2D](#fig2){ref-type="fig"}), indicating that these traces reflect entry-side and exit-side movement, respectively. The observation that the FRET changes were similar for the H2A-labeled and H3-labeled nucleosomes suggests that these observed FRET changes were not specific to the dynamics of the H2A-H2B dimer.10.7554/eLife.10051.008Figure 2.Single-molecule FRET assay for probing the displacement of the H2A-H2B dimer during RSC-mediated nucleosome remodeling.(****A****) Diagram of the H3/\[end,+6\] nucleosome. (**B** and **C**) Representative FRET traces reflecting the exit-side movement (****B****) and entry-side movement (****C****) of the H3/\[end,+6\] nucleosomes. \[RSC\] = 1 nM, \[ATP\] = 2 µM. (****D****) Fraction of traces showing entry-side movement (orange) and exit-side movement (cyan) observed with 1 nM RSC and 20 µM ATP for nucleosomes lacking any ssDNA gap, nucleosomes with a 2-nt ssDNA gap at the SHL--2 site, and nucleosomes with a 2-nt ssDNA gap at the SHL+2 site. Error bars represent the standard error from \> 100 nucleosomes per construct. (****E****) Diagram of the H2A/H2A nucleosomes. (****F****) Histogram of the FRET values from the H2A/H2A nucleosomes in the absence of RSC (black), after the addition of 6 nM RSC (red), or after the addition of 6 nM RSC and 5 µM ATP (cyan). Histograms were constructed from \>200 nucleosomes per condition.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.008](10.7554/eLife.10051.008)10.7554/eLife.10051.009Figure 2---figure supplement 1.Remodeling of the H2A/H2A construct by RSC.(****A****) Top: Cartoon of the H2A/H2A nucleosome construct. Bottom: Representative Cy3 intensity, Cy5 intensity, and FRET traces when H2A/H2A nucleosomes are incubated with 6 nM RSC and 5 µM ATP. (****B****) The mean ratio of the Cy3 signals before and after remodeling (green) and the mean ratio of the Cy5 signals before and after remodeling (red). Error bars represent the SEM from \>100 nucleosomes.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.009](10.7554/eLife.10051.009)10.7554/eLife.10051.010Figure 2---figure supplement 2.Remodeling of nucleosomes labeled in the globular domain of histone H2B.(****A****) Left: diagram of the H2B/H2B nucleosomes. Right: histogram of the FRET values from H2B/H2B nucleosomes before (blue) and after (red) the addition of 6 nM RSC and 5 µM ATP. (****B****) Cartoon of the H2B/\[end,+0\] nucleosome construct. (**C** and **D**) Representative FRET traces showing H2B/\[end,+0\] nucleosomes undergoing exit-side movement (****C****) and entry-side movement (****D****). \[RSC\] = 1 nM, \[ATP\] = 5 µM. (****E****) Fraction of traces showing entry-side and exit-side movement observed with 1 nM RSC, and 20 µM ATP for nucleosomes lacking any ssDNA gap, nucleosomes with a 2-nt ssDNA gap at the SHL--2 site, and nucleosomes with a 2-nt ssDNA gap at the SHL+2 site. Error bars represent the standard error from \> 90 nucleosomes per condition.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.010](10.7554/eLife.10051.010)

Second, to directly probe for potential movement of the H2A-H2B dimer during remodeling, we reconstituted histone octamers with a 1:1 mixture of Cy3-labeled H2A and Cy5-labeled H2A and assembled mononucleosomes using these octamers and unlabeled DNA. We referred to these nucleosomes as H2A/H2A to indicate that both donor and acceptor dyes are on the H2A subunits ([Figure 2E](#fig2){ref-type="fig"}). Nucleosomes with a single Cy3 on one of the H2A subunits and a single Cy5 on the other H2A subunit could be readily identified at the single-molecule level and gave FRET \~ 0.6 ([Figure 2F](#fig2){ref-type="fig"}), whereas nucleosomes lacking a Cy5 showed zero FRET and nucleosomes lacking a Cy3 were not visible under green laser illumination. Addition of RSC and ATP to this H2A/H2A construct resulted in only a small decrease in FRET, ΔFRET \~0.1 ([Figure 2F](#fig2){ref-type="fig"} and [Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}). This FRET decrease was partially recapitulated by the addition of enzyme in the absence of ATP ([Figure 2F](#fig2){ref-type="fig"}), suggesting that this FRET change was associated, at least in part, with RSC binding. Furthermore, this apparent FRET change was due almost entirely to an increase in Cy3 fluorescence without a corresponding decrease in Cy5 fluorescence ([Figure 2---figure supplement 1A,B](#fig2s1){ref-type="fig"}), suggesting that this apparent FRET change was probably due to a change in the photophysical properties of the Cy3 dye upon RSC binding rather than a *bona fide* change in distance between the dyes. Even if the FRET change was in part due to a dye-to-dye distance change, the small magnitude of this change was not sufficient to explain the much larger changes in FRET observed with the H2A/\[end,+6\] and H3/\[end,+6\] constructs during remodeling.

Finally, because the H2A labeling site resides on the flexible, basic tail of this histone subunit, it is possible that this region could interact with the negatively-charged DNA and mask the detection of H2A-H2B motion. To address this possibility, we moved the dye label to histone H2B at position 49, which resides within the globular domain of the histone. We first reconstituted a H2B/H2B nucleosomal construct containing a mixture of Cy3- and Cy5-labeled H2B on unlabeled DNA, as we did for the H2A/H2A construct. We identified nucleosomes containing a Cy3 dye on one H2B subunit and a Cy5 dye on the other H2B subunit by selecting those nucleosomes with a finite FRET value (FRET\~0.2), again because nucleosomes lacking a Cy5 showed zero FRET and nucleosomes lacking a Cy3 were not visible under green laser illumination. The FRET values of these H2B/H2B nucleosomes did not change appreciably after addition of RSC and ATP ([Figure 2---figure supplement 2A](#fig2s2){ref-type="fig"}). Next, to observe the remodeling behavior of the nucleosomes with H2B-labeled octamer, we constructed a H2B/\[end,+0\] nucleosome, containing Cy3 on the *H2B* subunit (position 49) and a Cy5 at the 5' *end* of the DNA, positioned at the edge of the nucleosome (the *+0* position) ([Figure 2---figure supplement 2B](#fig2s2){ref-type="fig"}). Upon addition of RSC and ATP to the H2B/\[end,+0\] nucleosomes, we again observed both exit-side and entry-side movement traces ([Figure 2---figure supplement 2C,D](#fig2s2){ref-type="fig"}) resembling those obtained with the H2A- and H3-labeled nucleosomes. The H2B/\[end,+0\] nucleosomes showed a preference for entry-side remodeling ([Figure 2---figure supplement 2E](#fig2s2){ref-type="fig"}), perhaps because the label biased binding of RSC in the orientation supporting entry-side remodeling. However, control constructs with gaps at the SHL--2 or SHL+2 site eliminated nearly all of the entry-side or exit-side movement traces, respectively ([Figure 2---figure supplement 2E](#fig2s2){ref-type="fig"}), confirming our assignment of entry-side and exit-side movement traces.

Thus, in our assays using nucleosomes labeled with Cy3 on the octamer and Cy5 on the DNA, we saw similar entry-side and exit-side movement traces when using three different positions of the Cy3 on the octamer (on H2A, H3 or H2B), suggesting that the FRET dynamics we observed were due primarily to movement of the DNA relative to the octamer. Furthermore, when we placed both Cy3 and Cy5 dyes on the H2A-H2B dimer, we did not observe substantial motion of the H2A-H2B dimer with two different positions of the dye (on H2A or H2B). However, our data cannot exclude the possibility of smaller-scale movement of the H2A-H2B dimer, not detectable by our FRET assay, that could disrupt important histone-histone or histone-DNA contacts during remodeling.

Probing for potential DNA unwrapping at the edge of the nucleosome {#s2-3}
------------------------------------------------------------------

Next, we asked if RSC induces large-amplitude unwrapping of DNA at the edges of the nucleosome. We separately considered this possibility for the two edges of the nucleosome where DNA enters or exits the nucleosome. At the nucleosomal edge where DNA enters the nucleosome, translocation of the DNA along its canonical path on the nucleosome would be expected to produce a FRET increase as the Cy5 at the end of linker DNA moves toward the edge of nucleosome, followed by a FRET decrease as the Cy5 moves along the nucleosome surface toward the SHL--2 site. On the other hand, if RSC were to unwrap a substantial amount of DNA and lift the DNA off the nucleosomal surface by a large distance, as expected if the unwrapped DNA extended from the nucleosome in a unbent fashion, we would expect the FRET traces to exhibit a FRET decrease as the Cy5 dye on the linker DNA moves away from the nucleosome, where the Cy3 dye resides. The entry-side movement traces that we observed showed a substantial increase in FRET followed by a FRET decrease for both H2A/\[end, +6\] and H3/\[end, +6\] constructs ([Figures 1C](#fig1){ref-type="fig"}, [2C](#fig2){ref-type="fig"}, [Figure 1---figure supplement 4C](#fig1s4){ref-type="fig"} and [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}), which was consistent with movement largely along or near the canonical path at the nucleosome edge where DNA enters the nucleosome. This phenomenon was also seen for constructs with increased linker DNA length, such as the H2A/\[end,+11\] and H3/\[end,+9\] constructs, where the Cy5 dye-labeled DNA end was initially 11 bp and 9 bp away from the nucleosome edge ([Figure 3---figure supplement 1B,C](#fig3s1){ref-type="fig"}). As described above, similar entry-side movement traces were also observed for the H2B/\[end,+0\] construct, in which the Cy3 label resides inside the globular domain of histone H2B instead of on the flexible tail of histone H2A ([Figure 2---figure supplement 2D](#fig2s2){ref-type="fig"}). Some of these entry-side movement traces also showed a small apparent decrease in FRET (ΔFRET \~ 0.1) prior to the FRET increase, but this apparent FRET decrease resulted primarily from an increase in Cy3 intensity without a corresponding decrease in Cy5 intensity ([Figure 3---figure supplement 1A-F](#fig3s1){ref-type="fig"}). The magnitude of this Cy3 intensity change was consistent with the changes seen when we labeled the two H2A subunits on the octamer with Cy3 and Cy5 (i.e. the H2A/H2A construct) ([Figure 3---figure supplement 1G](#fig3s1){ref-type="fig"}), suggesting that this FRET change likely resulted from a change in the photophysical properties of the Cy3 dye upon RSC binding. Even if these initial FRET decreases reflected a real change in distance between the Cy3 and Cy5 dyes, the magnitude of the FRET change, ΔFRET \~ 0.1 ([Figure 3---figure supplement 1D-F](#fig3s1){ref-type="fig"}), was much smaller than both the FRET changes that we observed for RSC-induced DNA translocation around the nucleosome and the FRET changes previously observed for transcription factor-mediated DNA unwrapping from the edge of the nucleosome (ΔFRET \~ 0.6) on a similarly labeled nucleosome construct ([@bib28]). Assuming a previously measured Förster radius of 6 nm for the Cy3-Cy5 pair ([@bib36]), these small initial FRET decreases that we observed would correspond to a change in the Cy3-Cy5 distance of only \~0.5 nm. Thus, our data suggest that under our remodeling conditions, the DNA was not lifted by a large distance away from the nucleosomal surface and did not deviate substantially from its canonical wrapping path as it entered the nucleosome.

In order to determine whether the DNA was unwrapped and lifted by a large distance off the nucleosomal surface at the nucleosomal edge where DNA exits, our current labeling scheme was not adequate since both lifting of DNA off the nucleosomal surface and translocation of DNA along the canonical path on the nucleosome would generate a decrease in FRET. We therefore moved the Cy5 label from the end of the DNA to a site 15 bp inside the edge of nucleosomes by incorporating the dye into the sugar-phosphate backbone to generate H2A/\[backbone, --15\] nucleosomes, where H2A again indicates the position of the Cy3 label and \[backbone, --15\] indicates the position of the Cy5 label ([Figure 3A](#fig3){ref-type="fig"}). If RSC translocates the DNA around the nucleosome along its canonical path, the exit-side movement traces should show an initial FRET increase as the Cy5 moves toward the nucleosome edge, followed by a FRET decrease as the Cy5 exits the nucleosome. In contrast, lifting the DNA by a large distance off the nucleosome surface should produce a substantial FRET decrease, as this structural change would move the Cy5 dye on the DNA farther away from the Cy3 dye on the octamer, assuming that the unwrapped DNA remains largely unbent. Addition of RSC and ATP to this construct again generated two classes of traces: exit-side movement traces showing a transient increase in FRET followed by a decrease to zero FRET ([Figure 3B](#fig3){ref-type="fig"}) and entry-side movement traces showing a decrease in FRET to \~0.23 ([Figure 3C](#fig3){ref-type="fig"}). Without any ssDNA gap on the nucleosome, the FRET traces of the H2A/\[backbone, --15\] construct preferentially showed entry-side movement ([Figure 3D](#fig3){ref-type="fig"}), likely because placing the Cy5 inside the nucleosome biased RSC to bind in the orientation that positioned the ATPase at the SHL--2 site. Nevertheless, when we introduced a 2-nt ssDNA gap at the SHL--2 site, nearly all of the traces showed the exit-side movement behavior, displaying an initial increase in FRET followed the decrease to zero FRET; when a 2-nt ssDNA gap was introduced at the SHL+2 site, nearly all of the traces showed the entry-side movement behavior, displaying only a monotonic decrease in FRET ([Figure 3D](#fig3){ref-type="fig"}). These experiments confirm that the traces showing the initial FRET increase followed by a FRET decrease resulted from ATPase action at the SHL+2 site and thus represented exit-side movement. Because lifting of the DNA by a large distance away from the nucleosomal surface would have caused a FRET decrease instead of an initial FRET increase, our data suggest that the DNA was not lifted away from the nucleosome surface by a large distance and did not deviate substantially from its canonical path as it exited the nucleosome.10.7554/eLife.10051.011Figure 3.Assay for probing DNA unwrapping at the nucleosomal edge where DNA exits the nucleosome.(****A****) Diagram of the H2A/\[backbone,--15\] nucleosome construct. (**B** and **C**) Representative FRET traces showing exit-side movement (****B****) and entry-side movement (****C****). \[RSC\] = 1 nM, \[ATP\] = 5 µM. (****D****) The fraction of entry-side movement (orange) and exit-side movement (cyan) traces observed with 1 nM RSC and 20 µM ATP for nucleosomes lacking any ssDNA gap, nucleosomes with a 2-nt ssDNA gap at the SHL--2 site, and nucleosomes with a 2-nt ssDNA gap at the SHL+2 site. Error bars represent the standard error from \>100 nucleosomes per construct.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.011](10.7554/eLife.10051.011)10.7554/eLife.10051.012Figure 3---figure supplement 1.Assays for probing DNA unwrapping at the nucleosomal edge where DNA enters the nucleosome.(**A--C**) Top: cartoons representing the H2A/\[end,+6\] (****A****), H2A/\[end,+11\] (****B****), and H3/\[end,+9\] (****C****) constructs used in each experiment. Bottom: Representative Cy3 intensity, Cy5 intensity, and FRET time traces showing entry-side movement. The region showing the transient FRET decrease is highlighted in yellow. \[RSC\] = 1 nM, \[ATP\] = 5 µM. (**D**--**F**) Histograms showing the starting FRET (blue) and FRET during the transient FRET decrease (orange) for the H2A/\[end,+6\] (****D****), H2A/\[end,+11\] (****E****), and H3/\[end,+9\] (****F****) constructs. (****G****) The mean ratio of the Cy3 signals before and after the transient FRET decrease (green) and the mean ratio of the Cy5 signals before and after the transient FRET decrease (red) for the H2A/\[end,+6\] construct. The data for the H2A/H2A constructs from [Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"} are replotted for comparison. Error bars represent the SEM from \>100 nucleosomes per construct.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.012](10.7554/eLife.10051.012)

Although our data are not consistent with RSC moving the DNA at the nucleosomal edges by a large distance away from the octamer surface, as would be expected if RSC were to unwrap a substantial amount of DNA from the edge and allow the DNA to follow its unconstrained path, our data do not exclude the possibility that the enzyme disrupts many of the histone-DNA contacts simultaneously during remodeling ([@bib30]), but still holds the unwrapped or lifted DNA near the surface of the nucleosome.

Characterization of the step size of DNA translocation {#s2-4}
------------------------------------------------------

Next, we characterized the step size with which RSC translocated DNA into and out of the nucleosome. To determine the step size of DNA translocation at the nucleosomal edge where DNA exits the nucleosome, we first monitored remodeling of the H2A/\[end,+6\] nucleosomes at 20°C (as opposed to 30°C in the previous experiments) with 2 µM ATP in order to slow the remodeling reaction and better resolve the translocation steps. The exit-side movement traces exhibited intermittent pauses interrupting the monotonic decrease to zero FRET ([Figure 4A](#fig4){ref-type="fig"}), and we applied a step-finding algorithm based on chi-square minimization ([@bib25]) to identify the location of the pauses and the sizes of the steps. The step size histogram showed a distribution of step sizes with a major peak centered at a ΔFRET of 0.1 and a tail extending to larger ΔFRET values ([Figure 4B](#fig4){ref-type="fig"}). Using an alternative, hidden Markov model (HMM)-based algorithm ([@bib35]), we identified similar steps in the FRET traces and produced a similar step size histogram, again with the major peak centered at a ΔFRET of 0.1 ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). We note that our results cannot completely exclude the possibility that a small fraction of nucleosomes undergo large-step movement that brings the FRET to zero in a single step as these traces would not be distinguishable from Cy5 photobleaching. However, during remodeling of the H2A/\[backbone,--15\] construct ([Figure 3](#fig3){ref-type="fig"}), where exit-side movement led to an increase in FRET that can be distinguished from Cy5 photobleaching, the vast majority (85%) of the exit-side movement traces showed gradual FRET changes inconsistent with such large step sizes, suggesting that at most a small fraction of nucleosomes could remodel with such large-step movement.10.7554/eLife.10051.013Figure 4.DNA exits the nucleosome in a stepwise manner, exhibiting a step size distribution peaked at \~1--2 bp during RSC-mediated remodeling.Remodeling was monitored for H2A/\[end,+6\] (**A** and **B**), H3/\[end,+6\] (**C** and **D**), and H2A/\[backbone,+6\] (**E** and ****F****) nucleosome constructs. (**A, C**, and **E**) Top: diagram of the nucleosome construct used. Bottom: Representative exit-side movement traces in the presence of 5 nM RSC and 2 µM ATP at 20°C. Light grey, raw FRET data; blue, 5-point median-filtered data; red, fit by a step-finding algorithm based on Chi-square minimization. (**B, D**, and **F**) Histograms of the measured step sizes in FRET change (blue bars) and the fit to the modeled step size distribution shown in [Equation 1](#equ1){ref-type="disp-formula"} (black line).**DOI:** [http://dx.doi.org/10.7554/eLife.10051.013](10.7554/eLife.10051.013)10.7554/eLife.10051.014Figure 4---figure supplement 1.Step size determination using a hidden Markov model (HMM)-based step-finding algorithm.(****A****) The exit-side movement trace from [Figure 4A](#fig4){ref-type="fig"} is reproduced showing the steps identified by the HMM-based step-finding algorithm. Light grey, raw FRET data; blue, 5-point median-filtered data; Red, HMM fit. (****B****) Histogram of the measured step sizes in FRET change (blue bars) identified by the HMM algorithm and the fit to the modeled step size distribution shown in [Equation 1](#equ1){ref-type="disp-formula"} (black line).**DOI:** [http://dx.doi.org/10.7554/eLife.10051.014](10.7554/eLife.10051.014)10.7554/eLife.10051.015Figure 4---figure supplement 2.Calibration of FRET values as a function of the linker DNA length for constructs monitoring exit-side movement.(**A, C**, and **E**) Distribution of FRET values measured with 5 nM RSC and 2 µM ATP at 20°C for the H2A/\[end,+*n*\] (**A**), H3/\[end,+*n*\] (****C****), and H2A/\[backbone,+*n*\] (**E**) constructs before (blue) and after (red) the first observed step of FRET change. (**B, D**, and **F**) Plots of the mean FRET value versus linker DNA length (*n*) for the H2A/\[end,+*n*\] (****B****), H3/\[end,+*n*\] (****D****), and H2A/\[backbone,+*n*\] (****F****) constructs before (blue) and after (red) the first observed step of FRET change. The mean and standard deviation of each point were obtained by fitting the FRET distributions to a Gaussian curve. The slopes were obtained by linear regression and the error is the standard error.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.015](10.7554/eLife.10051.015)10.7554/eLife.10051.016Figure 4---figure supplement 3.Analysis of DNA translocation step sizes of exit-side movement.(****A****) Table showing the estimated step size ( ± standard error) and fraction of steps missed (*f*) from fits of the ΔFRET step size histograms in [Figure 4](#fig4){ref-type="fig"} and [Figure 4---figure supplement 4](#fig4s4){ref-type="fig"} to the stepping model in [Equation 1](#equ1){ref-type="disp-formula"}. These ΔFRET values are converted to step sizes in bp by dividing the FRET step sizes by the slopes of the calibration curves in [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}. (****B****) Histograms of the observed pause lifetimes for the H2A/\[end, +6\] construct during RSC-induced remodeling at 2 µM, 20 µM and 80 µM ATP, collected with camera frame rates of 1 Hz, 8 Hz, and 16 Hz, respectively. (****C****) Histograms of the observed pause lifetimes identified for the H3/\[end, +6\] and H2A/\[backbone, +6\] constructs during RSC-induced remodeling at 2 µM ATP. The mean pause lifetime (τ) is estimated by fitting the distribution to an exponential, and the expected fraction of missed events (*f*) is the fraction of pauses expected to have a pause lifetime \< 5 frames (the threshold for detecting a step in the step-size analysis).**DOI:** [http://dx.doi.org/10.7554/eLife.10051.016](10.7554/eLife.10051.016)10.7554/eLife.10051.017Figure 4---figure supplement 4.Monitoring exit-side DNA motion at higher ATP concentrations.(**A**) Cartoon of the H2A/\[end,+6\] construct used in the experiments. (**B **and **C**) Analysis of exit-side movement from remodeling of H2A/\[end,+6\] nucleosomes. Reactions were performed at 20°C in the presence of 5 nM RSC and 20 µM ATP (****B****) or 5 nM RSC and 80 µM ATP (****C****). Data were collected at 8 Hz (**B**) or 16 Hz (**C**), as opposed to the 1 Hz rate used in the 2 µM ATP experiments. Left: Representative FRET traces. Light grey, raw FRET data; blue, 5-point median-filtered data; red, fit by the step-finding algorithm. Right: Histograms of the measured step sizes in FRET change (blue bars) and the fit to the modeled step size distribution in [Equation 1](#equ1){ref-type="disp-formula"} (black line).**DOI:** [http://dx.doi.org/10.7554/eLife.10051.017](10.7554/eLife.10051.017)

Next, we determined the step sizes of DNA translocation assuming that the DNA moved along its canonical path around the nucleosome. To calibrate the FRET changes associated with moving the DNA along its canonical path, we positioned Cy5 at the end of the linker DNA and varied the linker DNA length ([Figure 4---figure supplement 2A](#fig4s2){ref-type="fig"}, blue histograms). Consistent with previous results ([@bib5]), these measurements showed an approximately linear relationship between the linker DNA length and the observed FRET value over the measured range with a slope of 0.053 ± 0.004 bp^−1^ ([Figure 4---figure supplement 2B](#fig4s2){ref-type="fig"}, blue). Because the photophysical effects associated with enzyme binding may affect this relationship, we also performed the calibration on enzyme-bound nucleosomes by measuring the FRET value of the first observed step during remodeling of these constructs ([Figure 4---figure supplement 2A](#fig4s2){ref-type="fig"}, red histograms) as a function of the initial linker DNA length. These experiments also showed a linear relationship with a similar slope of 0.047 ± 0.005 bp^−1^ ([Figure 4---figure supplement 2B](#fig4s2){ref-type="fig"}, red). From these slopes, we determined that the major step size of DNA movement, corresponding to the peak of the ΔFRET distribution in [Figure 4B](#fig4){ref-type="fig"} (ΔFRET \~ 0.1), to be \~2 bp.

The step size histogram, however, showed many steps that were larger than expected for \~2 bp of DNA motion ([Figure 4B](#fig4){ref-type="fig"}). Although these data could reflect a heterogeneous step size, the distribution could also result from movement with a single step size, where the larger steps represented the sum of two or more steps where the intervening pause(s) were too short to detect. To test whether our data were consistent with such a model, we took advantage of the linear dependence of FRET on the linker DNA length and fit our data to a series of evenly spaced Gaussian peaks whose amplitude decreased by a factor of *f* from the previous peak, representing the probability of missing a step (see Materials and methods). The data derived from the step-finding algorithm based on chi-square minimization are consistent with a step size of ΔFRET = 0.104 ± 0.002 with a probability of missing a step being *f* = 34% ([Figure 4B](#fig4){ref-type="fig"} and [Figure 4---figure supplement 3A](#fig4s3){ref-type="fig"}). Analyzing the step size distribution generated from the alternative HMM-based step-finding algorithm produced a step size of ΔFRET of 0.102 ± 0.003 with a missed fraction of *f* = 41% ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}). Given the similar results from the two analysis methods, we used only the chi-square-minimization-based step-finding algorithm in subsequent analyses. The probabilities of missing a step obtained from these fits are reasonable given that the steps occur stochastically, and many pauses could be too short to be observed. Based on the distribution of observed pause durations, we would expect a 25% probability of missing a step due to our limited time resolution ([Figure 4---figure supplement 3B](#fig4s3){ref-type="fig"}). The observed probability of missing a step was moderately larger than that expected from our time resolution limitation, suggesting the possibility of additional mechanisms for missing steps, for example, successive DNA translocation steps generated by the ATPase at the SHL2 site merging together while transiting to the edge of the nucleosome.

To test whether the step sizes are sensitive to ATP concentration, we determined the step size of the enzyme at two additional concentrations of ATP, 20 µM and 80 µM by performing the experiments with a faster camera frame rate and increased laser intensities ([Figure 4---figure supplement 4](#fig4s4){ref-type="fig"}). The FRET from the exit-side movement traces again decreased in a stepwise manner, and the step size distributions exhibited a major peak at a ΔFRET of \~0.1 with a tail extending to larger values ([Figure 4---figure supplement 4](#fig4s4){ref-type="fig"}). Fitting the resulting step size histograms to multiple Gaussian peaks as described earlier indicated that the distributions are consistent with a step size of 1.7 ± 0.2 bp with a missed step probability of *f* = 26% for 20 µM ATP and 2.0 ± 0.2 bp with a missed step probability of *f* = 41% for 80 µM ATP ([Figure 4---figure supplement 3A,B](#fig4s3){ref-type="fig"}). These step size estimates at higher ATP concentrations are similar to the results observed at 2 µM ATP.

To test whether the step size determination was sensitive to the labeling scheme, we monitored remodeling (at 2 µM ATP) with a second nucleosome construct where we moved the Cy3 dye from histone H2A to histone H3 (the H3/\[end, +6\] construct, [Figure 4C,D](#fig4){ref-type="fig"}) and a third construct where we moved the Cy5 to the middle of the linker DNA on the DNA backbone (instead of at the end of the linker DNA) 6 bp from the nucleosome edge (the H2A/\[backbone, +6\] construct, [Figure 4E,F](#fig4){ref-type="fig"}). Calibration curves for these two labeling schemes showed that the slopes of the FRET versus linker DNA length were 0.059 ± 0.005 bp^−1^ and 0.057 ± 0.002 bp^−1^, respectively ([Figure 4---figure supplement 2C-F](#fig4s2){ref-type="fig"}, blue). Like for the H2A/\[end, +6\] construct, these values did not change appreciably in the presence of a bound RSC enzyme ([Figure 4---figure supplement 2C-F](#fig4s2){ref-type="fig"}, red). The exit-side movement traces of these new constructs also showed stepwise DNA translocation ([Figure 4C,E](#fig4){ref-type="fig"}), and the step size distributions ([Figure 4D,F](#fig4){ref-type="fig"}) showed a major peak around a ΔFRET of 0.1 with a tail extending to larger values. Fitting these histograms to multiple Gaussian peaks as described earlier indicated that the distributions were consistent with a step size of ΔFRET = 0.113 ± 0.003 with a missed step probability of *f* = 34% for H3/\[end, +6\] and ΔFRET = 0.092 ± 0.004 and *f* = 42% for H2A/\[backbone,+6\] ([Figure 4---figure supplement 3A,C](#fig4s3){ref-type="fig"}). Comparing the ΔFRET values to the slopes of the calibration curves gave step size estimates of 1.9 ± 0.2 bp and 1.6 ± 0.1 bp for the H3/\[end, +6\] and H2A/\[backbone, +6\] constructs, respectively, consistent with the 2.0 ± 0.2 bp step size estimate for the H2A/\[end, +6\] construct. Again, because some of the estimated missed step probabilities were moderately larger than would be expected based on our time resolution ([Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}), the DNA may have occasionally exited the nucleosome with larger step sizes.

Next, we characterized the step size of DNA translocation at the nucleosomal edge where DNA enters the nucleosome. In the experiments that characterized the step sizes of exit-side motion, the dye-labeled linker DNA was "upstream" (to the left) of the 601 sequence ([Figure 4A,C,E](#fig4){ref-type="fig"}), so exit-side movement traces resulted from ATPase action at the SHL+2 site. To maintain the same direction of DNA translocation around the nucleosome but move the dye locations to monitor the movement of DNA into the nucleosome, we made H2A/\[end, +12\] and H3/\[end, +9\] constructs where the dye-labeled linker DNA lied "downstream" (to the right) of the 601 sequence ([Figure 5A,B](#fig5){ref-type="fig"}). The entry-side movement traces measured at 2 µM ATP primarily showed an increase in FRET as expected from the movement of the short linker DNA into the nucleosome, bringing the Cy5 dye closer to Cy3. As before, the entry-side movement traces showed an initial, small apparent decrease in FRET before the major FRET increase, likely due to the photophysical effect on the dye upon enzyme binding ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). The FRET increase occurred in a stepwise manner, indicating stepwise DNA translocation into the nucleosome ([Figure 5A,B](#fig5){ref-type="fig"}). The distributions of the ΔFRET step sizes again showed a major peak around \~0.1 with a tail extending to larger values ([Figure 5C,D](#fig5){ref-type="fig"}). Fitting to multiple evenly spaced Gaussian peaks as described earlier yielded a step size of ΔFRET = 0.088 ± 0.002 with a missed step probability of *f* = 22% for the H2A/\[end, +12\] construct and ΔFRET = 0.084 ± 0.001 and *f* = 17% for the H3/\[end, +9\] construct ([Figure 5C,D](#fig5){ref-type="fig"} and [Figure 5---figure supplement 2A,B](#fig5s2){ref-type="fig"}). Assuming that the DNA moved along the canonical nucleosomal wrapping path as it entered the nucleosome, we constructed calibration curves for the two labeling schemes by varying the initial linker DNA lengths and measured slopes of the FRET change versus linker DNA length to be 0.055 ± 0.002 bp^−1^ for the H2A/\[end, +12\] construct and 0.048 ± 0.004 bp^−1^ for the H3/\[end, +9\] construct, which again did not change appreciably in the presence of bound enzyme ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). Based on these slopes, the step size distributions were consistent with step sizes of 1.6 ± 0.1 and 1.7 ± 0.2 bp, respectively, for these constructs.10.7554/eLife.10051.018Figure 5.DNA enters the nucleosome in a stepwise manner, exhibiting a step size distribution peaked at \~1--2 bp during RSC-mediated remodeling.Remodeling was monitored for H2A/\[end,+12\] (**A** and **C**), and H3/\[end,+9\] (**B** and **D**) constructs. (**A** and **B**) Top: diagram of the nucleosome constructs used. Bottom: Representative entry-side movement traces in the presence of 5 nM RSC and 2 µM ATP at 20°C. Light grey, raw FRET data; blue, 5-point median-filtered data; red, fit by the step-finding algorithm. (**C** and **D**) Histograms of the measured step sizes in FRET change (blue bars) and the fit to the modeled step size distribution shown in [Equation 1](#equ1){ref-type="disp-formula"} (black line).**DOI:** [http://dx.doi.org/10.7554/eLife.10051.018](10.7554/eLife.10051.018)10.7554/eLife.10051.019Figure 5---figure supplement 1.Calibration of FRET values as a function of the linker DNA length for constructs monitoring entry-side movement.(**A** and **B**) Distribution of FRET values before (blue) and after (red) the first observed step of FRET change in the presence of 5 nM RSC and 2µM ATP at 20°C for the H2A/\[end,+*n*\] (**A**) and H3/\[end,+*n*\] (**B**) constructs. (**C** and **D**) Plots of the mean FRET versus linker DNA length (***n***) for the H2A/\[end,+*n*\] (**C**) and H3/\[end,+*n*\] (**D**) constructs before (blue) and after (red) the first observed step of FRET change. The mean and standard deviation for each point were obtained by fitting the FRET distributions to a Gaussian curve. The slopes were obtained by linear regression and the error is the standard error.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.019](10.7554/eLife.10051.019)10.7554/eLife.10051.020Figure 5---figure supplement 2.Analysis of DNA translocation step sizes of entry-side movement.(****A****) Table showing the estimated step size ( ± standard error) and fraction of steps missed (*f*) from fits of the ΔFRET step size histograms in [Figure 5](#fig5){ref-type="fig"} and [Figure 5---figure supplement 3](#fig5s3){ref-type="fig"} to the stepping model in [Equation 1](#equ1){ref-type="disp-formula"}. These ΔFRET values are converted to step sizes in bp by dividing the FRET step sizes by the slopes of the calibration curves in [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}. (****B****) Histograms of the observed pause lifetimes identified by the step-finding algorithm for the H2A/\[end, +12\] and H3/\[end,+9\] constructs during RSC-induced remodeling at 2 µM ATP. (****C****) Histograms of the observed pause lifetimes identified for the H2A/\[end, +12\] construct during RSC-induced remodeling at 20 and 80 µM ATP. Experiments with 2, 20, and 80 µM ATP were collected with camera frame rates of 1 Hz, 8 Hz, or 16 Hz, respectively. The mean pause lifetime (τ) is estimated by fitting the distribution to an exponential, and the expected fraction of missed events (*f*) is the fraction of pauses expected to have a pause lifetime \< 5 frames (the threshold for detecting a step in the step-size analysis).**DOI:** [http://dx.doi.org/10.7554/eLife.10051.020](10.7554/eLife.10051.020)10.7554/eLife.10051.021Figure 5---figure supplement 3.Monitoring entry-side DNA motion at higher ATP concentrations.(**A**) Cartoon of the H2A/\[end,+12\] nucleosomes used in the experiments. (**B** and **C**) Analysis of entry-side movement from remodeling of H2A/\[end,+12\] nucleosomes. Reactions were performed at 20°C in the presence of 5 nM RSC and 20 µM ATP (**B**) or 80 µM ATP (**C**). Data were collected at 8 Hz (**B**) or 16 Hz (**C**), as opposed to the 1 Hz rate used in the 2 µM ATP experiments. Left: Representative FRET traces. Light grey, raw FRET data; blue, 5-point median-filtered data; red, fit by the step-finding algorithm. Right: Histograms of the measured step sizes in FRET change (blue bars) and the fit to the modeled step size distribution in [Equation 1](#equ1){ref-type="disp-formula"} (black line).**DOI:** [http://dx.doi.org/10.7554/eLife.10051.021](10.7554/eLife.10051.021)

Finally, to test the dependence of the entry-side step size on the ATP concentration, we monitored remodeling of the H2A/\[end,+12\] construct at 20 µM and 80 µM ATP, again by increasing the time resolution of our measurements. The entry-side movement traces from these experiments also showed a stepwise increase in FRET ([Figure 5---figure supplement 3](#fig5s3){ref-type="fig"}). The resulting step size distributions were consistent with step sizes of 2.0 ± 0.1 bp at 20 µM ATP and 1.9 ± 0.2 bp at 80 µM ATP ([Figure 5---figure supplement 2A](#fig5s2){ref-type="fig"}), again similar to the results measured at 2 µM ATP. Again, the observation that some of the estimated missed step probabilities were larger than would be expected based on our time resolution ([Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}) suggests that the DNA may occasionally enter the nucleosome with larger step sizes.

Therefore, our results from experiments using a number of different labeling schemes and ATP concentrations suggested that RSC translocated DNA primarily in \~1--2 bp increments at both the entry side and exit side of the nucleosome.

Discussion {#s3}
==========

In this study, we used single-molecule FRET to monitor nucleosome remodeling by a prototypical SWI/SNF-family remodeler, RSC. This approach enabled us to track the motion of DNA across individual nucleosomes in real time, providing new insight into the mechanisms by which RSC repositions nucleosomes along DNA.

Our results showed that RSC remodeled mononucleosomes primarily by translocating DNA around the nucleosome under our remodeling conditions (without acceptor nucleosomes, acceptor DNA, transcription factors, chaperones, or other remodeling factors). At the nucleosome edges where DNA enters and exits the nucleosome, RSC did not lift the DNA by a large distance away from the nucleosomal surface, and our data are consistent with translocation of the DNA largely along or close to the canonical nucleosomal wrapping path. In some cases, we observed a small FRET decrease preceding DNA translocation ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}) that was likely due to changes in the photophysical properties of Cy3 upon enzyme binding. Similarly, constructs designed to report on the dynamics of the H2A-H2B dimer showed no FRET change or a small apparent FRET change likely due to photophysical changes of Cy3 upon enzyme binding. Even if these FRET changes were due to actual distance changes, rather than photophysical changes of the dye, they would still represent minor deviations (\~0.5 nm) of DNA from the canonical wrapping path around the octamer or slight repositioning of the H2A-H2B dimer relative to the rest of the octamer. However, because lifting the DNA from the surface of the octamer or displacing the H2A-H2B dimer even by this small distance could disrupt many histone-DNA or histone-histone contacts, we cannot exclude the possibility that the observed translocation of DNA around the nucleosome is associated with the disruption of a substantial number of histone-DNA or histone-histone contacts ([@bib30]). In other words, it is possible that RSC causes DNA unwrapping or lifting of the DNA off the nucleosome, but still holds the unwrapped/lifted DNA near the surface of the nucleosome. However, such a small-distance motion would have only a minor effect on our measured FRET signal. These results are also consistent with an electron microscopy structure of the RSC complex, which suggests a tight fit of the nucleosome in the central cavity of the remodeler that would not seem to accommodate large-scale displacement of DNA from the nucleosome surface ([@bib27]).

Thus, we characterized the step size of DNA translocation into and out of the nucleosome by assuming that the DNA moved along the canonical path around the nucleosome during RSC-mediated remodeling. We observed a step size distribution that peaked at a step size of \~1--2 bp both for entry-side and exit-side movement though movements with larger step sizes were also observed. Even if the motion of the DNA is not exactly along the canonical path, the small ΔFRET step sizes of 0.08--0.11 that we observed in the single-nucleosome remodeling traces likely correspond to a distance change of \~0.3--0.6 nm (assuming a previously measured Förster radius of 6 nm for the Cy3-Cy5 FRET pair ([@bib36])). Based on the geometry of our labeling schemes and the crystal structure of nucleosomes containing the 601 positioning sequence ([@bib10]), translocation by 1 bp should be associated with changes to the Cy3-Cy5 distance of \~0.3 nm on average, so our data are again consistent with a DNA translocation step size of \~1--2 bp. Although changes to the photophysical properties of the dyes or the relative orientation of the dyes could potentially affect our interpretation of the FRET changes, many of these effects would be expected to depend on the specific labeling scheme. The fact that we observed similar step-size histograms with several different attachment sites of the Cy5 dye on the DNA and different attachment sites of the Cy3 dye on the octamer suggests that the measured step sizes likely reflect the true translocation step sizes of DNA around the nucleosome during RSC-catalyzed remodeling. It has been shown previously that some SF2 ATPase-containing DNA translocases or helicases translocate DNA in 1 bp increments ([@bib37]; [@bib19]; [@bib42]; [@bib9]; [@bib15]), so the SF2 ATPase domain of RSC might also translocate DNA at the SHL2 site of the nucleosome in 1 bp steps. The reason that the step sizes that we observed for RSC-mediated nucleosome translocation at the nucleosomal edges were not exactly 1 bp could potentially be due to the following reasons: 1) missing steps due to our limited time resolution could cause two consecutive 1 bp steps to appear as a 2 bp step, 2) two 1 bp DNA distortions generated at the SHL2 site could merge together while transiting to the entry/exit site, and 3) the DNA translocation path could deviate slightly from the canonical wrapping path, making our calibration, which was determined based on canonically wrapped nucleosomes, slightly off.

It has been shown previously that RSC translocates DNA at the SHL2 site where the enzyme's ATPase domain engages the nucleosome ([@bib46]; [@bib47]; [@bib54]; [@bib12]) and that the isolated RSC catalytic subunit translocates naked DNA in \~2 bp increments ([@bib50]). Based on these previous findings, it is reasonable to expect that the RSC complex may translocate DNA around the nucleosome in 1--2 bp steps, as has been proposed before ([@bib47]). However, such small steps had not been previously observed during nucleosome remodeling by SWI/SNF enzymes, so it was unclear whether the small DNA translocation step size by the ATPase at the SHL2 site would result in small DNA movement steps around the nucleosome, especially given that the entry and exit sites of nucleosome reside \~50 and 100 bp away from the SHL2 site. Indeed, in the context of remodeling intact nucleosomes, a previous biochemical study showed that SWI/SNF complexes translocate DNA around the nucleosome in large, \~50 bp steps ([@bib54]). Because our current observations suggest that RSC translocates DNA around the nucleosome primarily in steps of 1--2 bp, the previously observed \~50 bp translocation steps likely do not reflect the fundamental step size of nucleosome translocation by RSC. Rather, they may be compound steps composed of many \~1--2 bp steps and may reflect relatively long kinetic pauses of DNA translocation imposed by the energy landscape of the nucleosomal substrates. However, we note that because the cavities in the RSC and SWI/SNF complexes that accommodate nucleosomes appear somewhat different ([@bib27]; [@bib8]; [@bib12]), it is possible that SWI/SNF and RSC do not translocate DNA around the nucleosome in exactly the same manner. Furthermore, it is also worth noting that our measurements were performed at limiting ATP concentrations, up to roughly the K~m~ value for ATP (\~80 µM) of RSC ([@bib7]), and it is possible that at higher ATP concentrations, other processes could become rate limiting and alter the behavior of the complex. Nevertheless, the behavior at limiting ATP concentrations likely reflects the response of the nucleosome to the individual translocation events catalyzed by the ATPase at the SHL2 site.

Because the SF2 ATPase of RSC likely translocates DNA 1 bp at a time at the SHL2 site of the nucleosome, our observation that RSC moves the DNA into and out of the nucleosome primarily in \~1--2 bp increments suggests that DNA motion across the nucleosome from the nucleosomal entry site to the nucleosomal exit site is likely coupled directly to DNA translocation at the SHL2 site by the ATPase domain. Because we tracked the motion of the DNA only at the nucleosomal edges, our data cannot determine whether an intranucleosomal loop or bulge was formed inside the nucleosome. If such loops exist, our observations of the small step sizes of DNA translocation at both entry and exit sites of the nucleosome place constraints on such internal DNA loops/bulges: these loops/bulges are either small and most often contain 1--2 bp of extra DNA; or if they are not so small, they must accumulate and release gradually, primarily 1--2 bp at a time at the nucleosome entry and exit sites, which would require a specific mechanism to extrude a large internal loop to the exit side in small steps.

Finally, we note that although the nucleosome translocation step size observed here for RSC is similar to the nucleosome translocation step size previously observed for ISWI-family enzymes ([@bib15]), these results do not necessarily suggest that the remodeling mechanisms by these two families of chromatin remodelers are entirely similar. For both enzyme families, the observed nucleosome translocation step sizes likely resulted from the intrinsic DNA translocation step size of their ATPase domains, which both belong to the SF2 helicase family. However, it has been shown previously that the SWI/SNF-family remodelers disrupt the DNA-octamer contacts to a much greater extent than the ISWI-family remodelers ([@bib16]; [@bib13]). Our results suggest that, despite such disruption, the RSC enzyme likely still holds the DNA close to the nucleosome and hence, such disruption does not strongly perturb the step sizes with which DNA is translocated across the nucleosome.

Materials and methods {#s4}
=====================

Histone purification and labeling {#s4-1}
---------------------------------

Recombinant *X. laevis* histones were expressed in BL21 (DE3) pLysS cells (Promega, Madison, WI) and purified under denaturing conditions. Briefly, we isolated inclusion bodies and extracted the histones as described previously ([@bib34]), then dialyzed the histones into buffer A (7 M urea, 20 mM Na-HEPES pH 8.0, 100 mM NaCl, 1 mM DTT and 1 mM Na-EDTA). This solution was then loaded onto HiTrap-Q cation exchange and ResourceS anion exchange columns (GE Healthcare, Pittsburgh PA) connected in series ([@bib51]). After washing with buffer A, the HiTrap-Q column was then removed before the protein was eluted by gradually increasing the concentration of NaCl. To generate histones site-specifically labeled with Cy3, plasmids for the expression of H2A K119C, H2B T49C, and double mutant H3 (G33C+C110A) were created by site-directed mutagenesis. These constructs were purified and labeled with sulfo-Cy3 maleimide or sulfo-Cy5 maleimide (GE Healthcare) under denaturing conditions ([@bib22]). The histone H2A and H3 mutants have been previously used for FRET-based studies of nucleosome remodeling ([@bib52]; [@bib45]). Histone octamer was reconstituted with an \~1:1 ratio of labeled and unlabeled histone in order to maximize the yield of singly-labeled octamer and purified by gel filtration chromatography as described previously ([@bib34]; [@bib22]). For the reconstitution of the H2A/H2A and H2B/H2B constructs, histone octamer was reconstituted with an \~1:1 ratio of Cy3-labeled and Cy5-labeled histone.

Preparation of DNA constructs {#s4-2}
-----------------------------

DNA constructs were made by PCR from a plasmid containing a modified 601 positioning sequence ([@bib32]; [@bib41]). The PCR primers contained 5' Cy5 or biotin-TEG modifications (IDT, Coralville, IA) to install these modifications at the indicated locations. For constructs containing gaps or backbone Cy5 labels, the DNA was constructed by annealing a set of overlapping oligonucleotides (IDT) and ligating them into a single double-stranded DNA construct ([@bib22]). Backbone Cy5 labels were inserted opposite guanosine residues. DNAs were purified by PAGE.

Preparation of nucleosome constructs {#s4-3}
------------------------------------

Mononucleosomes were assembled by the salt dialysis method after mixing labeled octamer and DNA at a 1.2:1 ratio and purified by glycerol gradient centrifugation as previously described ([@bib26]).

RSC purification {#s4-4}
----------------

RSC was purified from *S. cerevisiae* strain BCY211 that expresses a TAP-tagged Rsc2 subunit following published protocols ([@bib46]; [@bib51]). Protein concentration was quantified by Sypro Red staining and comparison with BSA standards.

Single-molecule FRET measurements {#s4-5}
---------------------------------

Quartz slides were cleaned, functionalized with a 1:100 mixture of biotin-PEG:PEG (Laysan Bio, Arab, AL), and assembled into flow chambers as previously described ([@bib23]). Nucleosomes were immobilized on the biotin-PEG on the slide via streptavidin. The sample was excited with a 532 nm Nd:YAG laser (CrystalLaser, Reno, NV) on a custom built total internal reflection fluorescence (TIRF) microscope ([@bib14]). Fluorescence emission was collected with a 60x water immersion objective (Olympus, Tokyo, Japan), filtered with a 550 nm long-pass filter (Chroma Technology, Bellows Falls, VT), split with a 630 nm dichroic mirror (Chroma Technology), and imaged onto two halves of an Andor iXon+888 EM-CCD camera (Andor Technology, Belfast, UK). Imaging was done at 30°C (unless otherwise specified) in imaging buffer (40 mM Tris,12 mM HEPES, pH 7.5, 60 mM KCl, 3 mM MgCl2, 10% (v/v) glycerol, 0.02% (v/v) Igepal CA-630, 10% (w/v) glucose, 2 mM trolox, 0.1 mg/mL acetylated BSA), supplemented with an oxygen scavenging system (800 µg/mL glucose oxidase, 50 µg/mL catalase) ([@bib44]; [@bib5]). Images were collected at 1 Hz, except for the data in [Figure 4---figure supplement 4](#fig4s4){ref-type="fig"} and [Figure 5---figure supplement 3](#fig5s3){ref-type="fig"} which were taken at 8 Hz (for the experiments with 20 µM ATP) or 16 Hz (for the experiments with 80 µM ATP). The field of view was illuminated with \~25--50 W/cm^2^ of laser light for data collected at 1 Hz. For experiments done at 8 Hz and 16 Hz, \~400 and 800 W/cm^2^, respectively, was used.

In experiments where the FRET acceptor dye is on the DNA and the FRET donor is on the histone (H2A, H2B or H3), we observed three populations of labeled nucleosomes: nucleosomes with a single donor dye residing on the H2A, H2B or H3 subunit proximal to the short linker, nucleosomes with a single donor dye residing on the H2A, H2B or H3 subunit distal to the short linker, and nucleosomes with two donor dye molecules ([@bib5]). These nucleosomes can be distinguished on the basis of their FRET value, and we select only those nucleosomes with the Cy3 on the proximal H2A, H2B or H3 subunit for analysis, which gave the highest FRET values. For the H2A/H2A and H2B/H2B constructs, we selected those showing FRET \> 0.2 and FRET \> 0.1, respectively, as nucleosomes lacking Cy5 show zero FRET and nucleosomes lacking Cy3 are not visible during 532 nm illumination.

Data analysis {#s4-6}
-------------

Single-molecule FRET traces were generated and analyzed with IDL (ITT Visual Information Solutions, Boulder, CO) as described previously ([@bib14]) (code available at <http://zhuang.harvard.edu/smFRET.html>). Single nucleosomes were identified by selecting traces that showed one-step photobleaching. The fluorescence intensity after photobleaching was used for background subtraction. To classify traces as entry-side or exit-side movement traces, we manually identified traces exhibiting remodeling, smoothed the data with a 3 pt median filter, then classified them in an automated manner using the following criteria: If a trace showed 3 consecutive points that were greater than the initial FRET by 0.1 (0.07 for the H2A/\[backbone,--15\] data) before reaching the final FRET value, indicating an increase in FRET followed by FRET decrease, it was classified as an entry-side movement trace for the H2A/\[end,+6\] and H3/\[end,+6\] constructs or an exit-side movement trace for the H2A/\[backbone,--15\] construct. If the trace reached the final FRET value without such an initial increase, indicating a monotonic FRET decrease, the trace was classified as an exit-side movement traces for the H2A/\[end,+6\] and H3/\[end,+6\] constructs or an entry-side movement trace for the H2A/\[backbone,--15\] construct.

In the experiments to determine the step size of remodeling, pauses in the FRET traces were identified using a previously developed step-finding algorithm based on Chi-square minimization ([@bib25]). We also identified steps using an alternative, hidden Markov model-based method ([@bib35]). Only the steps identified by these algorithms that satisfy the following criteria were included for further analysis: 1) the pauses are not shorter than 5 frames, and 2) the pauses occurred at FRET values that are inside the range defined by the calibration curves in [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"} and [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"} where FRET varies linearly with distance from the nucleosome. Occasionally, the step finding algorithm identified steps in the backward direction. Because these events were rare (accounting for less than 5% of steps), we did not include these steps in our analysis.

To simulate the step size distribution resulting from a uniform step size and a fixed probability of missing short pauses, causing larger steps whose size is an integer multiple of the step size, the observed step size histograms were fit to the function:

$$y = \sum\limits_{n = 1}^{6}A~f^{n - 1}~\exp~\left( {- \frac{\left( x - n~c \right)^{2}}{2~s^{2}}} \right)$$

where *f* is the probability that a pause is missed, *c* is the step size, and *s* is the standard deviation of the step size. The *s* parameter was fit globally across all step size histograms showing the same type of motion (i.e. exit-side movement or entry-side movement).

Ensemble FRET measurements {#s4-7}
--------------------------

Ensemble FRET measurements were performed by monitoring the Cy5 intensity at 670 nm under 532 nm excitation in a Cary Eclipse Fluorescence Spectrophotometer (Varian, Palo Alto, CA). Reactions were performed in imaging buffer, and initiated by the addition of RSC and ATP to a solution containing nucleosomes. Data were normalized by scaling the initial Cy5 intensity to 1.0 and the final steady state Cy5 intensity to 0.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your work entitled \"Stepwise nucleosome translocation by RSC remodeling complexes\" for peer review at *eLife*. Your submission has been favorably evaluated by Jim Kadonaga (Senior editor), a Reviewing editor, and three reviewers.

The reviewers have discussed the reviews with one another and the Reviewing editor has drafted this decision to help you prepare a revised submission.

In this manuscript, the Zhuang and Bartholomew groups employ a single molecule FRET method to probe remodeling by RSC. Notably, these same groups have previously used this same method to probe remodeling by ISWI-like enzymes. The authors report that RSC, like ISWI, appears to translocate DNA in 1-2 bp steps from both the entry and exit DNA positions. By using different locations for the FRET probes, the authors present evidence that DNA translocation does not grossly displace DNA from the H2A C-terminal tail or the H3-N-terminal tail suggesting that DNA is not displaced at the entry/exit positions of the nucleosome. The authors also do not see loss of the H2A-C-terminal tail from DNA during remodeling, suggesting that the H2A/H2B dimer is not displaced.

Overall, the approaches are very well designed and executed and of high technical merit. The choices of label locations etc. and the use of gapped substrates generate a system that provides clear and classifiable outputs. Furthermore, the paper is written clearly, and the figures are well presented. Overall, this is a very well executed, interesting, and satisfying paper. The work provides the clearest and most direct evidence to date for the step size and DNA path on nucleosomes; the use of 1-2 bp steps, and that this 1-2 bp DNA wave/loop likely follows a generally canonical path around the nucleosome. The work helps take the field forward in a clear manner.

In general, the experiments are elegantly designed, with numerous controls to back up many of the authors\' conclusions. And although the manuscript is generally well written, a few areas could be clarified and/or expanded further:

1\) While the model proposed by the authors is plausible and consistent with the data, the argument that the FRET data rule out a mechanism where DNA is peeled off the mononucleosome was not totally convincing. This is a main criticism of the work. Since this argument is central to the conclusions of the manuscript (it also affects interpretation of the stepping data), the authors should devote more text to strengthening it. In this regard, one surprising result presented here is that RSC remodeling appears to be identical to ISWI, using this particular FRET assay. There are a host of studies demonstrating that RSC-like enzymes are more disruptive to nucleosomes than ISWI. Thus, it seems that this assay is unable to detect key aspects of the remodeling reaction. Notably, the authors\' assay only monitors DNA translocation at the extreme nucleosome edge. What happens elsewhere on the nucleosome is invisible. For instance, it remains a possibility that RSC and ISWI both draw in DNA at the nucleosome edge (1-2 bp per steps), but for RSC this DNA would then be extruded into a large, constrained loop on the nucleosome surface. Such a dramatic structure would be undetectable in this assay. It was surprising that the authors had no discussion of the similarities between ISWI and RSC using this assay -- perhaps because the results are inconsistent with so many other studies. Perhaps the authors can investigate loops by looking at the timing of exit/entry DNA translocation as they did for ISWI-like enzymes previously.

Furthermore, related to the above paragraph, the authors make a very strong conclusion that RSC action does not displace DNA from the octamer surface and that there is no substantial displacement of the dimers. These are key conclusions, as they are the only ones that really speak to the novelty of this work (other studies have already dealt with step size). These conclusions are much too strong and not supported well by data. The authors do not actually probe the octamer surface. All histone FRET probes are present on either the start of the H3 N-terminal domain (residue 33), or the H2A C-terminal domain (residue 119). Both residues lie within a basic patch of amino acids that make contact with entry/exit DNA. Thus, the experiments only show that the H3 or H2A tails do not dissociate from entry/exit DNA. It is possible that these regions may remain associated with DNA even if it is displaced from the octamer, and the authors may be missing this event. FRET probes should be placed on solvent expose octamer surfaces that are not part of flexible domains.

2\) For studies on step-size, the authors used extremely low ATP concentrations (\<10x below Km) in order to slow down the reaction. Previously studies from the Narlikar lab, as well as in the previous single molecule studies from Bustamonte, showed that ATP concentration as a large impact on pausing events between bursts of translocation. The worry is that very low ATP concentrations may change the rate-limiting step of the reaction, leading to aberrant step sizes that are normally not a part of the reaction. The authors should investigate the impact of ATP concentration on their results. The authors should also comment on why some experiments utilize 5 micromolar ATP (single traces), but others use 20 micromolar (ensemble reactions or pooling of traces).

3\) Prior papers support the model proposed in this paper: the use of \~1-2bp step size via a coupled mechanism, from a directional DNA translocase operating from SHL2. For example, one arrives at this model for RSC by simply combining Saha et al., NSMB 2005 (directional DNA translocation from SHL2, with gaps used in multiple ways as evidence) with Sirinakis et al., 2011 (providing the 1-2bp translocation step size on DNA via single molecule approaches). Both of those papers interpret and favor that model, and that model has been featured in major reviews. The authors might more clearly acknowledge in the Discussion the existing data already underlying this model, and then how their work extends.

4\) A prior EM structure of RSC complex by Leschziner and colleagues is highly supportive of the results in this paper and the model. In this structure, a large pocket resides within RSC complex, of nearly perfect dimensions of a nucleosome, and there is just enough room around the nucleosome in that pocket to also accommodate the propagation of a small DNA loop/wave of a few base pairs around the nucleosome, but not larger DNA wave/loop sizes, or the large unwrapping of DNA at the entry site. This existing structural support for the results and model would be worth mentioning in the Discussion.

Specific editorial comments/requests (listed in order of appearance):

1\) The authors observe two types of FRET traces, one with a decrease in FRET vs. one with an increase followed by a decrease, which they attribute to the two possible directions of RSC translocation, termed \"entry-\" and \"exit-side movement\". This interpretation is corroborated by control experiments in which a 2-nt gap has been introduced in each DNA strand, blocking each one direction of translocation. In the schematic describing these measurements ([Figure 1E--G](#fig1){ref-type="fig"}, [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}), the gaps in DNA are located on opposite strands. Do SWI/SNF remodelers track a particular DNA strand? This is not discussed in the text and should be clarified.

2\) In [Figure 1B](#fig1){ref-type="fig"} (and elsewhere) the time trace shows the Cy3 fluorescence signal extinguish at \~80 s. Is the loss of signal due to dissociation of the nucleosome from DNA or is this photobleaching? Is there any evidence that nucleosomes dissociate from the DNA due to RSC and if so, is this observed for both entry- and exit-side movements? This is not discussed adequately.

3\) In the text (Results) the authors state that the \"\[2-nt\] gap at SHL+2, eliminated the zero FRET population and resulted in a single population with a FRET of \~0.14 after remodeling\". However, there appears to be a small peak at 0 FRET in [Figure 1G](#fig1){ref-type="fig"}. What is this due to? According to the text, the SHL+2 gap site should favor \"entry-side\" motion, which should not generate a zero-FRET state.

4\) In [Figure 2F](#fig2){ref-type="fig"}, the histogram for FRET labeled nucleosomes in the presence of RSC, but no ATP (in red) seems to be bimodal, with a FRET state at \~0.3 and \~0.55, but this is not discussed in the text. Is this again attributable to photophysical effects, as rationalized for the small decrease in FRET with the addition of RSC? Or is this evidence for multiple conformations?

5\) In the text (Results) the authors claim that \"If RSC were to unpeel a substantial amount of DNA and lift the DNA off the nucleosomal surface by a large distance, we would expect the FRET traces to exhibit a FRET decrease as the Cy5 dye on the linker DNA moves away from the nucleosome where the Cy3 dye resides\". This statement is not quite as obvious as stated. This claim seems highly dependent on the geometry of the DNA-nucleosome complex (e.g. the locations of the nucleosome and DNA fluorescence labels) and seems to assume that the unpeeled DNA is fully extended. One could imagine situations where the unpeeled DNA contributes very little to the FRET or could even increase FRET, especially if the DNA end can bend (or loop) back on itself. This will obviously depend on the length / flexibility of DNA. As this is an important point of the manuscript that affects subsequent data interpretation, the authors should devote more effort to clarifying it and supporting it with more quantitative arguments.

On a related note, the authors repeatedly refer to \"small-\" and \"large-\" distance lifting of DNA of the nucleosome surface, but some numbers should be provided here. Although they provide an estimated bound of 0.5 nm from FRET, this seems to refer to inter-dye distance, which is not necessarily the same as the contour length of DNA lifted (especially if bending/looping is considered).

6\) The authors used a step-finding algorithm to determine the translocation step size of RSC. Were any selections made for the steps in their analysis or were all steps detected (regardless of size) shown in the histograms ([Figure 4B,D,F](#fig4){ref-type="fig"} and [Figure 5C,D](#fig5){ref-type="fig"})? There is a concern that such an algorithm could biasthe step size distribution, by not reliably detecting smaller step sizes for instance. Did the authors test out other algorithms (e.g. t-test based step-finding, etc.) or try a pairwise distribution? If so, was the step size robust against detection method?
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Author response

*\[...\] In general, the experiments are elegantly designed, with numerous controls to back up many of the authors\' conclusions. And although the manuscript is generally well written, a few areas could be clarified and/or expanded further:*

*1) While the model proposed by the authors is plausible and consistent with the data, the argument that the FRET data rule out a mechanism where DNA is peeled off the mononucleosome was not totally convincing. This is a main criticism of the work. Since this argument is central to the conclusions of the manuscript (it also affects interpretation of the stepping data), the authors should devote more text to strengthening it. In this regard, one surprising result presented here is that RSC remodeling appears to be identical to ISWI, using this particular FRET assay. There are a host of studies demonstrating that RSC-like enzymes are more disruptive to nucleosomes than ISWI. Thus, it seems that this assay is unable to detect key aspects of the remodeling reaction. Notably, the authors\' assay only monitors DNA translocation at the extreme nucleosome edge. What happens elsewhere on the nucleosome is invisible. For instance, it remains a possibility that RSC and ISWI both draw in DNA at the nucleosome edge (1-2 bp per steps), but for RSC this DNA would then be extruded into a large, constrained loop on the nucleosome surface. Such a dramatic structure would be undetectable in this assay. It was surprising that the authors had no discussion of the similarities between ISWI and RSC using this assay -- perhaps because the results are inconsistent with so many other studies. Perhaps the authors can investigate loops by looking at the timing of exit/entry DNA translocation as they did for ISWI-like enzymes previously.*

We thank the reviewers for pointing this out. In fact, we did not mean to imply that our data rule out the unpeeling of DNA from the mononucleosome. Based on our data, we suggested that the DNA is not lifted away from the surface by a large distance. We actually stated explicitly in our manuscript that our data do not exclude the possibility that the enzyme disrupts many of the histone-DNA contacts simultaneously during remodeling, but still holds the unpeeled DNA near the surface of the nucleosome. We have now made this point clearer both in the Results and Discussion sections with the following statements:

Results section: "Although our data are not consistent with RSC moving the DNA at the nucleosome edges by a large distance away from the octamer surface, as would be expected if RSC were to unwrap a substantial amount of DNA from the edge of the nucleosome and allow the DNA to follow its unconstrained path, our data do not exclude the possibility that the enzyme disrupts many of the histone-DNA contacts simultaneously during remodeling (Lorch, et al., 2010), but still holds the unwrapped or lifted DNA near the surface of the nucleosome."

Discussion section: "However, because lifting the DNA from the surface of the octamer or displacing the H2A-H2B dimer even by this small distance could disrupt many histone-DNA or histone-histone contacts, we cannot exclude the possibility that the observed translocation of DNA around the nucleosome is associated with the disruption of a substantial number of histone-DNA or histone-histone contacts (Lorch, et al., 2010). In other words, it is possible that RSC causes DNA unwrapping or lifting of the DNA off the nucleosome, but still holds the unwrapped/lifted DNA near the surface of the nucleosome. However, such a small-distance motion would have only a minor effect on our measured FRET signal."

Although our data showed that the step size with which RSC translocates DNA around the nucleosome is similar to that of the ISWI enzymes, we do not imply that the remodeling mechanisms used by these two families of enzymes are identical. In light of the reviewers' comment, we also added an explicit discussion about this point as the last paragraph of the Discussion. It is stated as below:

"Finally, we note that although the nucleosome translocation step size observed here for RSC is similar to the nucleosome translocation step size previously observed for ISWI-family enzymes (Deindl, et al., 2013), these results do not necessarily suggest that the remodeling mechanisms by these two families of chromatin remodelers are entirely similar. \[...\] Our results suggest that, despite such disruption, the RSC enzyme likely still holds the DNA close to the nucleosome and hence, such disruption does not strongly perturb the step sizes with which DNA is translocated across the nucleosome."

We also agree with the reviewers' comment that we only probed the DNA movement at the edges of the nucleosome where DNA enters and exits the nucleosome, and our data does not rule out the possibility of the formation of intranucleosomal loops or bulges. We had already acknowledged this possibility but stated that if such intranuclesomal loops formed, they should accumulate and release gradually because we observed 1-2 bp translocation steps at both entry and exit sides of the nucleosome. We have now further expanded this part of the Discussion as below:

"Because we tracked the motion of the DNA only at the nucleosomal edges, our data cannot determine whether an intranucleosomal loop or bulge was formed inside the nucleosome. If such loops exist, our observations of the small step sizes of DNA translocation at both entry and exit sites of the nucleosome place constraints on such internal DNA loops/bulges: these loops/bulges are either small and most often contain 1-2 bp of extra DNA; or if they are not so small, they must accumulate and release gradually, primarily 1-2 bp at a time at the nucleosome entry and exit sites, which would require a specific mechanism to extrude a large internal loop to the exit side in small steps."

Finally, as we discussed in the manuscript (Discussion, second paragraph), our FRET data are sufficient to rule out larger distance changes to the path of the DNA that would affect our interpretation of the step sizes. Even if the movement of the DNA deviated from its canonical path, the small FRET changes that we observed in each step (\~0.08 -- 0.11) are consistent with the distance changes (\~0.3 -- 0.6 nm) expected for the translocation of 1-2 bp of DNA, as we discussed in the third paragraph of the Discussion.

*Furthermore, related to the above paragraph, the authors make a very strong conclusion that RSC action does not displace DNA from the octamer surface and that there is no substantial displacement of the dimers. These are key conclusions, as they are the only ones that really speak to the novelty of this work (other studies have already dealt with step size). These conclusions are much too strong and not supported well by data. The authors do not actually probe the octamer surface. All histone FRET probes are present on either the start of the H3 N-terminal domain (residue 33), or the H2A C-terminal domain (residue 119). Both residues lie within a basic patch of amino acids that make contact with entry/exit DNA. Thus, the experiments only show that the H3 or H2A tails do not dissociate from entry/exit DNA. It is possible that these regions may remain associated with DNA even if it is displaced from the octamer, and the authors may be missing this event. FRET probes should be placed on solvent expose octamer surfaces that are not part of flexible domains.*

We thank the reviewers for this suggestion. Following this suggestion, we generated a construct where the dye label is moved from the histone tail to within the globular domain of histone H2B at position 49. We made two nucleosome constructs with this new histone labeling scheme: 1) The H2B/H2B construct where one of the H2B is labeled with the FRET donor Cy3 and the other is labeled with the FRET acceptor Cy5. Upon addition of RSC and ATP, we did not observe any FRET change, suggesting that the H2A-H2B dimer is not substantially displaced from the nucleosome during remodeling, consistent with the results we obtained for the H2A/H2A construct. 2) The H2B/\[end, +0\] construct, containing Cy3 on the H2B subunit and a Cy5 at the 5' end of the DNA. Upon addition of RSC and ATP, this new construct again showed entry-side and exit-side movement traces similar to those observed from the H2A/\[end, +6\] construct (with the Cy3 on the H2A subunit and the Cy5 near the 5' end of the DNA) and the H3/\[end, +6\] construct (with the Cy3 on the H3 subunit and the Cy5 near the 5' end of the DNA). These results suggest that our results obtained from the H2A/\[end, +6\] and H3/\[end, +6\] constructs are not due to the histone tails tracking the DNA and masking the remodeling-induced movement. These new results are described in the third paragraph of the subsection "Probing for potential H2A-H2B dimer movement during remodeling", as well as in [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}.

Again, we note that we did not conclude in this work that RSC does not displace DNA from the octamer surface, but only that DNA is not displaced from the octamer surface by a large distance. Please see our response to the first part of comment 1 above.

Also we note that our result that RSC translocates DNA around the nucleosome in 1-2 bp steps is novel. Previously, a \~2 bp translocation step size has been observed for the isolated catalytic subunit of RSC translocating on naked DNA without octamer (Sirinakis, et al., 2011), but such small step sizes have not been previously observed in the context of full SWI/SNF-remodeling complexes acting on intact nucleosomes. Indeed, before our study, it was unclear whether the RSC complex would translocate DNA across the nucleosome with a similar step size. In fact, a previous biochemical study showed that a similar SWI/SNF complex translocates DNA around the nucleosome in large, \~50 bp steps (Zofall, et al., 2006). Our current observations suggest that RSC translocates DNA around the nucleosome in 1-2 bp steps, at both nucleosomes edges where DNA enters and exits the nucleosome. Thus, our results suggests that the previously observed, large \~50 bp translocation steps likely do not reflect the fundamental step size of nucleosome translocation by RSC. Rather, they may be compound steps composed of many 1-2 bp steps and reflect relatively long kinetic pauses of DNA translocation imposed by the energy landscape of the nucleosomal substrates.

*2) For studies on step-size, the authors used extremely low ATP concentrations (\<10x below Km) in order to slow down the reaction. Previously studies from the Narlikar lab, as well as in the previous single molecule studies from Bustamonte, showed that ATP concentration as a large impact on pausing events between bursts of translocation. The worry is that very low ATP concentrations may change the rate-limiting step of the reaction, leading to aberrant step sizes that are normally not a part of the reaction. The authors should investigate the impact of ATP concentration on their results. The authors should also comment on why some experiments utilize 5 micromolar ATP (single traces), but others use 20 micromolar (ensemble reactions or pooling of traces).*

Following the reviewers' suggestions, we have determined the step size of the remodeler at two additional concentrations of ATP, 20 µM and 80 µM. The K~m~ of RSC for ATP was previously reported to be 77µM (Cairns et al., 1996), and thus the highest ATP concentration we used here, 80 µM, is comparable the K~m~ value. For both exit-side movement traces and entry-side movement traces, we observed similar step sizes (1-2 bp) at 20 µM and 80 µM ATP to those we observed at 2 µM ATP. The results of these new experiments are reported in [Figure 4---figure supplements 3](#fig4s3){ref-type="fig"},[4](#fig4s4){ref-type="fig"} and [Figure 5---figure supplements 2](#fig5s2){ref-type="fig"},[3](#fig5s3){ref-type="fig"}, as well as in the fourth and seventh paragraphs of the subsection "Characterization of the step size of DNA translocation". It is difficult for us to extend the measurements to even higher ATP concentrations because the translocation pauses would become too short for us to unambiguously detect with our limited time resolution.

We also added a note in the Discussion section (fourth paragraph) to state that because our experiments are performed at limiting ATP concentrations, up to roughly the K~m~ value of ATP for RSC, it is thus possible that at higher ATP concentrations, other processes could become rate limiting and alter the behavior of the complex. Nevertheless, the behavior at limiting ATP concentrations likely reflects the response of the nucleosome to the individual translocation events catalyzed by the ATPase at the SHL2 site.

With regards to the use of 5 µM ATP and 20 µM ATP in different experiments, we note that the results obtained at 20 µM ATP can be reproduced at 5 µM ATP. Please see [Author Response image 1](#fig6){ref-type="fig"}. Many of the statistical analyses are shown with data taken using 20 µM ATP because it is more efficient for us to accumulate statistics at this condition.10.7554/eLife.10051.022Author response image 1. Comparison of remodeling at 5 and 20 µM ATP.(**A**) Histogram showing the distribution of FRET values before (blue) and after (red) addition of 1 nM RSC and 5 µM ATP (top) or 1 nM RSC and 20 µM ATP (bottom). The data in the bottom panel are reproduced from [Figure 1E](#fig1){ref-type="fig"} for comparison. (**B**) The fraction of exit-side movement (cyan) and entry-side movement (orange) traces observed with 1 nM RSC and the indicated concentration of ATP on H2A/\[end, +6\] nucleosomes. Error bars represent the standard error from \>100 nucleosomes per construct. The data for the 20 µM ATP condition are reproduced from [Figure 1D](#fig1){ref-type="fig"} for comparison.**DOI:** [http://dx.doi.org/10.7554/eLife.10051.022](10.7554/eLife.10051.022)

*3) Prior papers support the model proposed in this paper: the use of \~1-2bp step size via a coupled mechanism, from a directional DNA translocase operating from SHL2. For example, one arrives at this model for RSC by simply combining Saha et al., NSMB 2005 (directional DNA translocation from SHL2, with gaps used in multiple ways as evidence) with Sirinakis et al., 2011 (providing the 1-2bp translocation step size on DNA via single molecule approaches). Both of those papers interpret and favor that model, and that model has been featured in major reviews. The authors might more clearly acknowledge in the Discussion the existing data already underlying this model, and then how their work extends.*

We have discussed the Sirinakis et al., 2011 paper in our original submission. As suggested by the reviewers here, we have further elaborated this discussion and combined with the discussion on the Saha et al., NSMB 2005 paper. In the Discussion section, we stated:

"It has been shown previously that RSC translocates DNA at the SHL2 site where the enzyme's ATPase domain engages the nucleosome (Saha, et al., 2002; Saha, et al., 2005; Zofall, et al., 2006; Dechassa, et al., 2008) and that the isolated RSC catalytic subunit translocates naked DNA in \~2 bp increments (Sirinakis, et al., 2011). \[...\] Rather, they may be compound steps composed of many 1-2 bp steps and may reflect relatively long kinetic pauses of DNA translocation imposed by the energy landscape of the nucleosomal substrates."

*4) A prior EM structure of RSC complex by Leschziner and colleagues is highly supportive of the results in this paper and the model. In this structure, a large pocket resides within RSC complex, of nearly perfect dimensions of a nucleosome, and there is just enough room around the nucleosome in that pocket to also accommodate the propagation of a small DNA loop/wave of a few base pairs around the nucleosome, but not larger DNA wave/loop sizes, or the large unwrapping of DNA at the entry site. This existing structural support for the results and model would be worth mentioning in the Discussion.*

As suggested by the reviewers, we have discussed this paper and how it supports our findings (please see the second paragraph of the Discussion section).

*Specific editorial comments/requests (listed in order of appearance):*

*1) The authors observe two types of FRET traces, one with a decrease in FRET vs. one with an increase followed by a decrease, which they attribute to the two possible directions of RSC translocation, termed \"entry-\" and \"exit-side movement\". This interpretation is corroborated by control experiments in which a 2-nt gap has been introduced in each DNA strand, blocking each one direction of translocation. In the schematic describing these measurements ([Figure 1E-G](#fig1){ref-type="fig"}, [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}), the gaps in DNA are located on opposite strands. Do SWI/SNF remodelers track a particular DNA strand? This is not discussed in the text and should be clarified.*

We have clarified this point by adding the following to the legend of [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}: "RSC translocates on DNA with a 3'→5' polarity (Saha et al., 2005), and the gaps are positioned to prevent translocation in that direction. However, it has been previously shown that gaps in either strand prevent DNA translocation by RSC (Saha et al., 2005)."

*2) In [Figure 1B](#fig1){ref-type="fig"} (and elsewhere) the time trace shows the Cy3 fluorescence signal extinguish at \~80 s. Is the loss of signal due to dissociation of the nucleosome from DNA or is this photobleaching? Is there any evidence that nucleosomes dissociate from the DNA due to RSC and if so, is this observed for both entry- and exit-side movements? This is not discussed adequately.*

The loss of Cy3 fluorescence is primarily due to photobleaching. We do not expect to observe remodeler-induced nucleosome dissociation in these experiments because disassembly requires free DNA or nucleosomes as acceptors, the activity of histone chaperones, or a dinucleosome construct, all of which are absent in our single-molecule assay. In bulk experiments, other nucleosomes in solution or free DNA remaining after nucleosome reconstitution can act as acceptors for dimer or octamer transfer. In contrast, no such acceptors are available in our experiment as the nucleosomes are immobilized on the microscope slide and any free nucleosomes or DNA are washed away from the imaging chamber prior to the addition of RSC and ATP.

Consistent with these arguments, we do not see evidence that a substantial number of nucleosomes disassemble during the experiment. After incubating H2A/\[end, +6\] nucleosomes with 5 nM RSC and 5 µM ATP for 20 min, 91% of the nucleosomes remained attached to the glass slide with both DNA and octamer present. This fraction is similar to the fraction of nucleosomes remaining (91%) after buffer exchange and incubation with a mock buffer lacking RSC and ATP. Thus, while a very small fraction of nucleosomes may spontaneously disassemble in our assay, we see no evidence for RSC-mediated nucleosome disassembly in our single-molecule assay. We have clarified this point in the subsection "Probing for potential H2A-H2B dimer movement during remodeling".

*3) In the text (Results) the authors state that the \"\[2-nt\] gap at SHL+2, eliminated the zero FRET population and resulted in a single population with a FRET of \~0.14 after remodeling\". However, there appears to be a small peak at 0 FRET in* [Figure 1G](#fig1){ref-type="fig"}*. What is this due to? According to the text, the SHL+2 gap site should favor \"entry-side\" motion, which should not generate a zero-FRET state.*

To build the histograms in [Figure 1E--G](#fig1){ref-type="fig"}, we identified the initial (before remodeling) and final (after remodeling) FRET states from nucleosome remodeling traces. In a small subset of the traces from the nucleosomes with a gap at SHL+2, the Cy5 photobleached prior to the completion of remodeling, resulting in an apparent final zero FRET state. Although these traces end in a zero FRET state, the majority of them show the transient FRET increase characteristic of entry-side movement traces. Thus, these traces do not represent exit-side movement traces but rather entry-side movement traces where the Cy5 dye has bleached during remodeling. Furthermore, only \~8% of traces observed show a final FRET of zero, indicating that the vast majority of traces show the expected final FRET value. We have clarified this point in the subsection "Single-molecule FRET assay for monitoring nucleosome translocation by RSC".

Although the zero FRET state seen in the exit-side movement traces could also potentially result from photobleaching of the Cy5 dye, we have done control experiments where we monitored remodeling of the H2A/\[end, +6\] nucleosomes with alternating 532 nm illumination (to excite the donor dye Cy3 and monitor the FRET value) and 647 nm illumination (to directly excite the acceptor dye Cy5 and check whether the Cy5 is bleached). The vast majority of the exit-side remodeling traces from these experiments showed that the final FRET state of exit-side movement represented a true zero FRET state and did not result from photobleaching of Cy5.

*4) In [Figure 2F](#fig2){ref-type="fig"}, the histogram for FRET labeled nucleosomes in the presence of RSC, but no ATP (in red) seems to be bimodal, with a FRET state at \~0.3 and \~0.55, but this is not discussed in the text. Is this again attributable to photophysical effects, as rationalized for the small decrease in FRET with the addition of RSC? Or is this evidence for multiple conformations?*

We are not certain whether the \~0.3 FRET state is due to photophysical effect or a real FRET change. However, these events appear to be relatively rare (accounting for \~10% of the total events). Furthermore, they are not observed when RSC is added in the presence of ATP. For these reasons, we did not further investigate this state.

*5) In the text (Results) the authors claim that \"If RSC were to unpeel a substantial amount of DNA and lift the DNA off the nucleosomal surface by a large distance, we would expect the FRET traces to exhibit a FRET decrease as the Cy5 dye on the linker DNA moves away from the nucleosome where the Cy3 dye resides\". This statement is not quite as obvious as stated. This claim seems highly dependent on the geometry of the DNA-nucleosome complex (e.g. the locations of the nucleosome and DNA fluorescence labels) and seems to assume that the unpeeled DNA is fully extended. One could imagine situations where the unpeeled DNA contributes very little to the FRET or could even increase FRET, especially if the DNA end can bend (or loop) back on itself. This will obviously depend on the length / flexibility of DNA. As this is an important point of the manuscript that affects subsequent data interpretation, the authors should devote more effort to clarifying it and supporting it with more quantitative arguments.*

*On a related note, the authors repeatedly refer to \"small-\" and \"large-\" distance lifting of DNA of the nucleosome surface, but some numbers should be provided here. Although they provide an estimated bound of 0.5 nm from FRET, this seems to refer to inter-dye distance, which is not necessarily the same as the contour length of DNA lifted (especially if bending/looping is considered).* Based on the crystal structure of the nucleosome, breaking the outermost histone-DNA contacts at SHL ± 6.5 should induce a \~ 1 nm motion of the DNA end from the histone H2A labeling site in the H2A/\[end, +6\] construct, so unwrapping of DNA from the extreme ends of the nucleosome should be visible. However, this estimate indeed assumes that the unwrapped DNA stays fully extended, which is reasonable for unconstrained DNA given the \~ 150 bp persistence length of DNA. Nevertheless, because protein-DNA interactions can substantially alter the flexibility of DNA, we agree with the reviewers that we cannot exclude models where the remodeler has disrupted a substantially number of histone-DNA contacts simultaneously but still holds the unpeeled DNA near the octamer surface at the entry/exit sites of the nucleosome. We have mentioned this possibility in our original manuscript and have now made this point clearer in the revised manuscript, both in the Results section (subsection "Probing for potential DNA unwrapping at the edge of the nucleosome", last paragraph) and in the Discussion section (second paragraph), as we also detailed in our response to the first part of comment 1.

We also note that regardless of whether the histone-DNA interactions remain intact, our data are consistent with movement of the Cy5-labeled DNA end near its canonical wrapping path, justifying our interpretation of the enzyme step size. Moreover, even if the movement of the DNA deviates from the canonical path, the small FRET changes that we observed in each step (\~0.08 -- 0.11) are consistent with the distance changes (\~0.3 -- 0.6 nm) expected for 1-2 bp of translocation, as we discussed in the third paragraph of the Discussion. These estimates are fairly robust to changes in the path of the DNA, and unwrapping of the DNA from the edge of the nucleosome (assuming no sharp kinks in the unwrapped DNA) does not substantially change the estimate of 0.3 nm/bp of translocation.

*6) The authors used a step-finding algorithm to determine the translocation step size of RSC. Were any selections made for the steps in their analysis or were all steps detected (regardless of size) shown in the histograms ([Figure 4B,D,F](#fig4){ref-type="fig"} and [Figure 5C,D](#fig5){ref-type="fig"})? There is a concern that such an algorithm could bias the step size distribution, by not reliably detecting smaller step sizes for instance. Did the authors test out other algorithms (e.g. t-test based step-finding, etc.) or try a pairwise distribution? If so, was the step size robust against detection method?*

We analyzed all steps detected by the step finding algorithm, and rejected steps only if 1) it involved a pause shorter than five frames or 2) the pauses occurred at a FRET value outside the range defined by our calibration curves where FRET was observed to vary linearly with distance. We added these criteria explicitly to the Materials and methods section (subsection "Data analysis", second paragraph).

We were also concerned that the chi-square-minimization-based step-finding algorithm that we used (Kerssemakers, et al., 2006) could bias the step size distribution by not reliably detecting smaller step sizes. To test for this possibility, we simulated FRET traces that exhibited a ΔFRET step size of 0.053 with a similar amount of noise and distribution of pause lifetimes as experimentally detected. Analyzing this data produced an estimated ΔFRET of 0.058, indicating that our analysis is capable of detecting steps smaller than the \~0.1 ΔFRET steps observed.

In light of this comment, we performed additional analysis by reanalyzing the traces from the H2A/\[end, +6\] nucleosomes using an alternative step-finding algorithm based on a hidden Markov model (HMM) (McKinney et al., 2006). The HMM algorithm produced a similar step size distribution and an estimated step size of 1.9 ± 0.2 bp, similar to the 2.0 ± 0.2 bp estimate obtained using the chi-square-minimization-based algorithm. These new analysis results are presented in [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}.
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